Dendritic cells are an important link between innate and adaptive immune response. The role of dendritic cells in bone homeostasis, however, is not understood.
| INTRODUCTION
Bisphosphonates (BPs) are anti-resorptive drugs widely used in the treatment of osteoporosis and other bone-wasting conditions, such as Paget's disease, multiple myeloma, and osteogenesis imperfect. 1, 2 One of the uncommon, yet severe, side effects of anti-resorptive medications, known as medication-related osteonecrosis of the jaw (MRONJ), has caused significant anxiety toward these otherwise useful medications, causing a sharp decline in their use. 3, 4 Unlike other anti-resorptive medications, BP, especially zoledronic acid (Zol) accumulate in the matrix of alveolar bone, 5, 6 as well as other locations, for years following the suspension of systemic treatment. 7 The highest risk of MRONJ has been reported in patients on high doses of intravenous Zol, and it remained high even after treatment cessation. 8 Interestingly, medication-related osteonecrosis is limited to the jawbone and is often triggered by invasive dental procedure and/or periodontitis, suggesting that site-specific factors could be important for the pathogenesis.
While BPs are known to target primarily osteoclasts, immune cells of the same lineage, such as monocytes, macrophages, and dendritic cells, may also be affected. 9 Studies have shown that BPs are taken up by these cells. 10 Disruption of the local immune response in the unique microenvironment of alveolar bone may, therefore, contribute to the pathogenesis of osteonecrosis. 11 The oral mucosal barrier features a complex immune system that has to constantly recognize and eliminate pathogens while maintaining tolerance to commensals. 12 Dendritic cells (DCs), the most efficient antigen-presenting cells in the immune system, have emerged as key players in initiating and regulating immune responses in the oral cavity. 13, 14 Blood samples from melanoma patients receiving Zol treatment have shown defective DC differentiation and maturation. 15 Breast cancer patients have shown alteration in their monocyte population, 48 hours after Zol administration. 16 Furthermore, osteonecrotic jaw samples from patients have shown heavy colonization with multiple organisms, forming a complex biofilm. 17, 18 We hypothesized that Zol causes disruption of the local immune response in the oral cavity through the inhibition of DC differentiation and function, rendering the microenvironment more conducive to bacterial colonization and contributing to the pathogenesis of osteonecrosis. Our results showed that Zol treatment in the rat led to increased oral bacterial load and a significant decrease of antigen-presenting cells in the gingiva as well as draining lymph nodes. Differentiation, maturation, and functions of both human and rodent DCs were significantly compromised by Zol in vitro, including phagocytosis, migration, and DC-dependent T cell stimulation. Results from DC-deficient mice confirmed that DC deficiency could predispose the alveolar bone to osteonecrosis following dental extraction. We concluded that DCs play an important role in maintaining the integrity of oral mucosa and alveolar bone and that Zol treatment disrupts such role, rendering the alveolar bone susceptible to subsequent osteonecrosis following dental extraction.
| MATERIALS AND METHODS

| MRONJ rat model and assessment of oral bacterial load in vivo
The experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Augusta University (Protocol #2012-0496; Date: 25 October 2012). Twenty-six female Sprague-Dawley rats (ages 10-12 mo) were treated with either intravenous Zol 80 μg kg −1 wk −1 (experimental; n = 13) or saline (control; n = 13) for 13 weeks, as previously described. 5 After the last injection, oral swabs of oral mucosa were collected from both sides of the mandible using sterile cotton Q-tips in a circular motion for 30 s on each side (n = 10 per group). Q-tips were immersed in DNA lysis buffer, and DNA was extracted using a DNA extraction kit (QIAamp DNA Mini Kit (Qiagen). Total bacterial DNA was measured using universal 16srRNA qPCR using the CT values. Extractions of the mandibular 1st and 2nd molar were done on week 13. Cervical and submandibular lymph nodes were harvested 2 weeks post-extraction (n = 3 per group). Mandibles were harvested 8 weeks postextraction for mucosal and alveolar bone healing assessment (n = 10 per group), and gingival tissues for immunolabeling of DCs (n = 5 per group).
| Immunohistochemistry (IHC)
IHC was done as previously described. 19 Briefly, 5 µm sections of formalin-fixed paraffin-embedded tissue were deparaffinized and rehydrated with ethanol. Antigen retrieval was done in water bath heating at 97°C with citrate buffer PH6 (Thermofisher). Immune labeling was done using overnight incubation at 4°C with anti-ITGAX (CD11C) 1:20 dilution (Mybiosource, San Diego, USA) and anti-MHCII 1:100 dilution (abcam, Cambridge, USA). Detection of the primary antibody was done with Horeseradish peroxidase (HRP) and Diaminobenzidine (DAB) substrate (Thermofisher). Multiple random photomicrographs were taken for each lymph node in the paracortex region and gingival tissues in the lamina propria, at 40× objective lens using Zeiss microscope (Zeiss AxioImager, Carl Zeiss Microscopy GmbH, Jena, Germany) and quantification was done blindly using automated Image-J software (https ://imagej.nih.gov/ij/) with a set threshold based on the negative control.
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| Ablation of classical dendritic cells (cDCs) and extraction of maxillary molars in ZDC-DTR mice in vivo
The experimental procedures were reviewed and approved by the IACUC at Augusta University (Protocol #2013-0586, 11 October 2013). The ablation of cDCs was done as previously described. 20 Briefly, C57BL/6 (B6) and Zbtb46 tm1(DTR)Mnz/J (ZDC-DTR) knock-in mice, 20-24-weeks old, (Jackson Laboratory, Sacramento, CA) were injected intraperitoneally (i.p) with initial dose of 10 ng/kg Diphtheria toxin (DT) (Sigma Aldrich, St Louise, MO, USA) or vehicle (PBS) 12 hours post-extraction of maxillary 1st and 2nd molars, then a maintenance dose of 10 ng/kg was given every 3 days for 2 or 3 weeks. (n = 5 per group). After 3 weeks, maxillae were harvested for assessment of alveolar bone healing by microcomputed tomography (micro-CT), gingival tissues were enzymatically digested for cell isolation, cervical lymph nodes were harvested and cells were immunolabeled for DCs and T cells to be analyzed by flow cytometry. Genotypic confirmation of ZDC-DTR mice was performed using PCR amplified genomic DNA from ZDC-DTR and WT mice electrophoresis in 2.5% agarose gel according to Jackson laboratory protocols with the following primers: 
| Micro-CT analysis
Maxillae were scanned using 1272 skyscan System (Bruker, Belgium) at 12 µm image pixel size with 0.5 mm Al filter, 0.2 rotation step and averaging frames of 3. 3-D reconstruction was done using NRecon software (Skyscan) and 3-D analysis of alveolar bone healing in maxillary first molar was done using CTAn software (Skyscan). Briefly, ROI of maxillary 1st molar socket was standardized in all samples by taking the cemento-enamel junction of the third molar as a start reference point till the end of the roots (30 slices) in an occluso-apical direction and from the mesial end of maxillary 2nd molar till the mesial end of maxillary 1st molar socket in mesio-distal direction. Greyscale images of the VOI were converted to binary images with a threshold set to 80-255. 3D volume of bone filling in the extraction socket was quantified as BV/TV percent.
| Uptake of FAM Zol by DCs in vivo
C57BL/6 mice received an injection of 2.5 ng FAM Zol (Biovinc LLC, CA, USA) into palatal gingiva using Hamilton micro syringe with 33 gauge and 10 µL loading capacity (Hamilton, NV, USA). Gingival tissue and cervical lymph nodes were harvested 24-hours postinjection. Gingival tissues were enzymatically digested for cell isolation and labeled for DCs using anti-CD11c and anti-MHCII for flow cytometry analysis. Gingival frozen tissue sections were immune-labeled with CD11c antibody and visualized by confocal microscopy.
| Uptake of Zol by DCs and macrophages in vitro
Monocyte-derived DC and macrophages were incubated with 10 ng/mL OsteoSense 680 EX (Perkinelmer) at 37°C overnight, then stained with the nuclear stain NucGreen 488 and the membrane tracker rhodamine-conjugated Wheat Germ Agglutinin. Stained cells were mounted with anti-fade mounting medium (Vectashield; Vector Laboratories, Burlingame, CA, USA), cover-slipped and examined using a Leica TCS-SP2 AOBS confocal laser scanning microscope. Three lasers were used: 488 nm for nuclear stain, 543 nm for the cell membrane, and 647 for Osteosense. Parameters were adjusted to scan at 1024 × 1024 pixel density and 8-bit pixel depth. Emissions were recorded in three separate channels, and digital images were captured and processed using Leica Confocal and LCS Lite software (Leica Microsystems Inc., Bannockburn, IL, USA).
| Generation and culture of Murine bone marrow-derived dendritic cells (BMDCs)
Bone marrow cells were isolated from C57BL/6 mice (6-12 weeks old) as previously described. 21 Briefly, cells were flushed from femurs and tibiae of mice under sterile conditions then allowed to differentiate in RPMI 1640 10% FBS with 20 ng/ mL GM-CSF and 20 ng/mL IL-4 (Pepro Tech Pepro, Rocky Hill, NJ, USA) at a density of 1 × 10 6 cells/mL and incubated at 5% CO 2 and 37°C for 8 days, changing the medium at day 3 and 6 with addition of fresh growth factors. DC phenotype was then confirmed by flow cytometry using CD11c, CD11b, MHCII, and CD86 markers and by the exclusion of macrophage using F4/80, CD68 markers, granulocytes using CD11b/LY6G(Gr-1) markers, and natural killer cells using CD94.
| Generation and culture of human monocyte-derived dendritic cells (moDCs)
Monocytes were enriched from peripheral blood mononuclear cells from three healthy donors using Rosette Sep Monocyte enrichment cocktail through Ficoll separation (STEMCELL Technologies, Vancouver, Canada) as previously described. 22 Purified monocytes were then differentiated in X-vivo15 medium (Lonza, Walkersville, MD, USA), with GMCSF 1000 U/ mL and IL4 1000 U/mL (Pepro Tech Inc, Rocky Hill, NJ, USA) with the change of media every other day.
2.9 | Generation and culture of human monocyte-derived macrophages CD14 MicroBeads (130-050-201) from Miltenyi Biotec (Auburn, CA, USA) were used for isolation of monocytes. In brief, monocytes were isolated from gradient-separated peripheral blood leukocytes (PBLs) where the CD14+ cells were magnetically labeled with CD14 MicroBeads, then loaded onto a magnetic cell separation (MACS) columns placed in the magnetic field of a MACS Separator (Miltenyi Biotec). The magnetically labeled CD14+ cells were retained within the column, while the unlabeled cells were run through. After removing the column from the magnetic field, the magnetically retained CD14+ cells were eluted as the positively selected cell fraction.
Binding of antibody to CD14 does not trigger signal transduction because CD14 lacks a cytoplasmatic domain. Monocytes were cultured for 5 days in medium enriched with 10% fetal calf serum containing 50 ng/mL M-CSF.
| Treatment of DCs
For murine BMDCs, Zol (0, 1, 5, or 10 µM) was either added to the medium before differentiation, at day 0 and 3 (treatment from day 0) or added after the completion of differentiation, at day 6 (treatment at day 6). For Human moDCs, Zol (0, 1, 5, or 10 µM) was added once at day 0.
| Apoptosis assay
Cell apoptosis was assessed for cells with treatment from day 0 and treatment at day 6, using Annexin V and Propidium iodide PI (eBioscience, Thermofisher Scientific, West Columbia, SC, USA) staining and flow cytometry analysis.
| Antibodies and flow cytometry
Flow data were acquired using BD FACS DIVA software (BD Bioscience, Franklin Lakes, NJ, USA) on FACSCanto (BD bioscience 
| Rt-PCR
RNA isolation was done as described previously. 23 Quantitative real-time PCR (qPCR) was performed using iTAQ universal probe supermix (BIO-RAD, Hercules, CA,USA) and Taq-Man Gene Expression assay (Applied Biosystem, Foster City, CA, USA) specific for IL-6 assay (Mm00446190_m1), IL-12b (Mm01288989_m1), IL-23a (Mm00518984_m1), IL-10 (Mm01288386_m1), IFN-g (Mm1950217_m1), CD9 (Mm00514275_g1), H2-Ab1 (Mm00439216_m1), and internal control Glyceraldehyde-3-phosphate dehydrogenase (GAPDH Mm99999915_m1). RT-PCR was run in StepOnePlus Real-Time PCR System. Relative gene expression was calculated using delta-delta CT and plotted as relative fold change.
| Bacterial culture
Wild-type Porphyromonas gingivalis (P. gingivalis) 381 (ATCC) was grown and maintained anaerobically (10% H 2 , 10% CO 2, and 80% N 2 ) in a Coy Laboratory vinyl anaerobic system glovebox at 37°C in Wilkins-chalgren anaerobe broth.
| Phagocytosis assay
The uptake of P. gingivalis was assessed in immature DCs treated with Zol (0, 5, or 10 µM) at day 7 of culture. Bacteria were stained with 10 µM carboxyfluoresceine succinimidyl ester (CFSE ebioscience, Invitrogen, Thermofisher Scientific West Columbia, SC, USA) for 1 hour at 37° with shaking, followed by thorough washing for 3 times. 5 × 10 5 DCs were infected with CFSE stained bacteria at 30 MOI and incubated at 37° for 6 hours in serum-free media. Negative controls | 2599
were incubated on ice at 4° or in the presence of Cytochalasin D (Sigma Aldrich, St Louise, MO, USA) to exclude any bacteria on the external surface of the cell. Cells were then washed and stained with anti-CD11c antibody for DC gating and analyzed by flow cytometry. Confirmation of the P. gingivalis uptake by DCs was done using confocal microscopy, by fixation of cells with 4% paraformaldehyde, permeabilization with 0.1% Triton X-100 in PBS and staining of cells with actin ActinRed 555 ReadyProbes Reagent and nucleus with DAPI mounting medium; ProLong Gold Antifade Mountant (Invitrogen, Thermofisher scientific, Waltham MA, USA), then images were taken using Zeiss 780 upright confocal microscope (Carl Zeiss AG, Oberkochen, Germany).
| FITC dextran macropinocytosis assay
On day 7, immature DCs treated with Zol (0, 1, 5, or 10 µM) were washed and re-suspended in PBS. FITC dextran 70,000 mwt (Sigma Aldrich, St Louise, MO, USA) was added (1 mg/mL) for 1 hour at 37° or 4° (negative control). Uptake was then stopped by adding ice-cold PBS with 2% FBS and 0.01% NaN3. After this, cells were washed 3 times, stained with anti-CD11c antibody for gating of DCs and analyzed by flow cytometry. The amount of uptake was measured by subtracting uptake at 4° from 37° to exclude any FITC dextran on the surface of the cell. FITC percentage and MFI of FITC dextran were measured in the CD11c positive cells.
| DCs maturation
To induce DCs maturation, 100 ng/mL lipopolysaccharide from Escherichia coli (LPS E Coli; Sigma Aldrich, St Louise, MO, USA) was added to immature DCs on day 7 for 24 hours.
| Migration assay
Migration assays were performed according to manufacturer instructions using the 96-Well Fluorimetric Cell Migration Assay kit (CytoSelect; Cell Biolabs, San Diego, CA, USA). Briefly, cells treated with Zol (0, 1, 5, or 10 µM) were stimulated with LPS at day 7 for 24 hours and then seeded into the upper chamber of the trans-well plate on top of a 5 µm pore membrane at a density of (1 × 10 5 /well 
| Transfection of siRNA into DCs
Transfection of siRNA was performed as described previously. 24 Briefly, at day 6 of culture, DCs were washed at 4°C with reduced Minimal Essential Medium (Opti-MEM) (Gibco, Thermofisher Scientific, Waltham MA, USA), then re-suspended in Opti MEM at 40 × 10 6 cells/ mL. Transfection was performed in 4 mm cuvette (Fisher Scientific, Thermofisher Scientific, Waltham MA, USA), using 20 μM CD9 siRNA (OriGene, Rockville, MD, USA) in a100 μL of siRNA-cell suspension containing 2 × 10 6 cells. The electroporation took place in a Gene Pulser Xcell (BIO-RAD, Hercules, CA, USA). Pulse conditions are 400 V (volts), 150 μF (Farad), and 100 Ω (ohms).
| Statistical analysis
Statistical analysis was done using Graph Pad Prism software version 6 (Graph Pad Software, La Jolla, CA, USA).
In vitro experiments were repeated at least three times. Data values were reported as means ± SD. Normality assumption was evaluated when applicable, using the Shapiro-Wilk test. When normality assumptions were not met, an alternative non-parametric test was done. A one-way ANOVA test with significance defined as P < .05, a confidence level of 95% confidence interval and Bonferroni post hoc comparison was used to compare multiple groups. Unpaired T-test was used to compare 2 groups in the in vivo experiments.
| RESULTS
| Impaired DC activity and increased oral bacterial load in MRONJ rat model
Previous studies have shown that MRONJ lesions were heavily colonized with bacteria. 17, 18 However, little is known about the effect of Zol treatment on oral bacterial colonization before dental extraction. Therefore, oral swabs were collected for analysis of bacterial content from the oral mucosa of control or Zol treated rats (80 µg/kg Zol for 13 weeks). 5 This was followed by extractions of 1st and 2nd mandibular molars. Oral swabs showed an increase in bacterial 16s rRNA expression (P = .0023; Figure 1A ). Consistent with our previous studies, 5, 23 Zol-treated animals showed exposed necrotic bone, persistent for 8 weeks after extraction, compared with complete healing and mucosal coverage in control animals ( Figure 1B) . To study the effect of Zol on DC activity, isolation of cervical lymph nodes was performed at 2 weeks, and harvest of mandibles and gingival tissues at 8 weeks following extraction. Gingival tissues of Zol-treated rats showed a significant decrease in DC number in the lamina propria area, evident by a decrease in the CD11c-positive cell count and MHCII-positive area fraction by immunohistochemical (IHC) analysis, (P < .0001, P = .0083, respectively; Figure  1C ,D). There was also a significant decrease in DC number in the paracortex area of submandibular lymph nodes of Zoltreated rats, using the same markers, (P < .0105, P = .0012, respectively; Figure 1E ,F).
| Impaired post-extraction alveolar bone regeneration in DC-deficient mice
To test whether the DC inhibition can contribute to osteonecrosis, we performed maxillary molar extraction in DCdeficient mice (ZDC-DTR; Figure S1 ). The regimen and dosing used have previously been shown to spare neutrophil counts. 20 ZDC-DTR and B6 mice received intraperitoneal (i.p) injection with 10 ng/kg diphtheria toxin (DT) (ZDC-DT and B6-DT, respectively), or vehicle (ZDC-PBS and B6-PBS, respectively) 12 hours post-extraction and every 3 days as a maintenance dose for 2 or 3 weeks. Maxillae, gingival tissues, and cervical lymph nodes were harvested 2 or 3 weeks post-extraction. At 2 weeks following the extraction, mucosal healing was deficient in ZDC-DT compared to control (Figure 2A ). The epithelium recovered at week 3; however, the underlying bone was deficient in DCs-ablated mice by micro-CT analysis ( Figure 2B ). Bone volume at the extraction socket of maxillary 1st molar showed a significant decrease in the ZDC-DT group compared to ZDC-PBS group (P = .0019), while there was no significant difference in the B6 mice injected with either DT or vehicle.
( Figure 2C ). Disruption in the DC population in gingival tissues in ZDC-DT animals was confirmed by flow cytometry (P = .0002; Figure 2D ,E). Interestingly, there was an increase in DCs in B6-DT compared to B6-PBS (P = .0001), suggesting that DT toxin by itself may stimulate DC in wildtype animals. A similar pattern was observed with T cell population, where CD4+ T cell population increased upon DT injection in B6 mice, but significantly decreased with DT injection in ZDC-DTR mice (P = .0307 and P = .0002, respectively; Figure 2F ,G). Similar results were found in the draining cervical lymph nodes ( Figure S1 ). Collectively, our data indicate that DC deficiency could lead to impaired dental socket healing following dental extraction, suggesting an important role in alveolar bone healing. Inhibition of DC functions by Zol, as shown in subsequent results, may, therefore, contribute to the pathogenesis of osteonecrosis.
| Zol is taken up by DCs in vivo and in vitro
To investigate the mechanism by which Zol impairs DCs, we first confirmed that Zol is taken up by DCs both in vitro and in vivo. C57BL/6 mice received an injection of fluorescent Zol (FAM Zol; 2.5 ng) into palatal gingiva. Gingival tissue and cervical lymph nodes were harvested 24 hours | 2601
post-injection and FAM Zol was detected in DC population (CD11c + /MHCII + ) by flow cytometry analysis ( Figure 3A) . The uptake was further confirmed in gingival frozen tissue sections immunolabeled with CD11c (red) and visualized by confocal microscopy showing zol (green) inside the DCs (red) ( Figure 3B ). We also confirmed the uptake of Zol by DCs and macrophages in vitro ( Figure 3C ).
| Zol impaired the differentiation and phagocytic capacity of murine bone marrowderived dendritic cell (BMDCs)
We have demonstrated the decreased DC number in gingival tissues and cervical lymph nodes in Zol-treated rats. To better understand if this decrease can be due to a decrease in the differentiation of DCs from its precursors, we tested the effect of Zol on the differentiation of DCs. The phenotype of DCs generated from murine bone marrow was first confirmed ( Figure S2 ). Results showed a dose-dependent inhibition of DC differentiation, evident by the decrease in the percent of CD11c + MHCII + in flow cytometry analysis at 5 and 10 µM Zol (P = .0153, .0021, respectively; Figure 4A,B) . These results were consistent with that observed in human monocytederived dendritic cells (moDCs; Figure S3A ,B). Annexin V assay showed no significant difference in apoptosis between control and all doses of treatment used in this study ( Figure  S3E ), suggesting that the effect of Zol was mostly due to specific inhibition of DC differentiation and maturation, rather than killing the cells. Furthermore, we tested the effect of Zol on phagocytic capacity of murine BMDCs by infecting cells with CFSE labeled Porphyromonas gingivalis (P. gingivalis), one of the most common periodontal pathogens, at 30 MOI for 6 hours. Flow cytometry analysis showed a significant decrease in phagocytosis (P = .0243; Figure 4C ,D). Macropinocytosis was also not significantly inhibited by Zol treatment, although a trend was observed ( Figure S3C,D) . These findings lent support to the hypothesis that increased bacterial load in vivo could be attributed to defective bacterial clearance by DCs.
| Zol impaired maturation and migratory capacity of murine BMDCs
Since DCs' ability to migrate is one of the key features that distinguished DCs from other antigen-presenting cells (APCs), and is critical for the initiation of an immune response, we tested the effect of Zol on maturation and migratory capacity of DCs. Results showed that Zol inhibited the lipopolysaccharide (LPS)-induced DC maturation, evident by deficient expression of MHCII and costimulatory molecules CD86 and CD83 by flow cytometry analysis ( Figure 5A ), as well as downregulation of inflammatory cytokines, IL-6, IL-12, IL-23, and IFN-g by gene expression analysis (P < .05; Figure 5B) . A dose-dependent decrease was consistent whether Zol was added at day 0 or 6 of culture, evident by the decrease in percent of CD11c + MHCII high population and MFI of MHCII and CD86 (P < .05; Figure S4A -D). Scanning electron microscopy (SEM) analysis showed defective dendrite formation in Zol-treated DCs ( Figure  5C ). Maturation of DCs involves the upregulation of CCR7 expression, which enables them to migrate toward CCL19 and CCL21 in the draining lymph nodes. Migration of LPS-induced DCs toward a concentration gradient of CCL19 was deficient ( Figure 5D ), at 1 µM Zol with 50, 100, and 500 ng/mL concentration of CCL19 compared to control group (P = .0038, .0016, and <.0001, respectively), and at 5 and 10 µM Zol (P < .0001) with all CCL19 concentrations, compared to control. There was also a decrease in the percent of CD11c + CCR7 + cells at 5 and 10 µM Zol (P = .0357, .0045, respectively; Figure 5E ). (Flow cytometry plot is included in Figure S4E ).
| Zol compromised DC-induced T cell activation
Next, we tested the effect of Zol on the immunogenicity of DCs and their ability to stimulate T cells. Zol-treated murine BMDCs were pre-pulsed with OVA 323-339 peptide for 24 hours prior to co-culture with OTII derived T cells that are specific for OVA antigen. The purity of T cells was >90% ( Figure S5A ). Flow cytometry analysis was performed by gating on CD4+ T cells ( Figure S5B ). Zol impaired DCdependent T cell proliferation and activation, at 5 and 10 µM Zol (P = .0132, .0071, respectively, Figure 6A,B) , confirmed with a decreased T cell secretion of IL-2 (P = .0018, .0003; and IFN-γ (NS, P = .0002) at 5 and 10 µM Zol, respectively ( Figure 6C ). Importantly, there was no direct effect of Zol on T cell proliferation, tested using anti-CD3/CD28 antibodies ( Figure S5C,D) , confirming that Zol-induced deficiency of T cell function, in this case, is DC-dependent. Previous studies have shown the critical role of tetraspanin, CD9 in the trafficking and association of MHCII on the surface of DCs. 25, 26 Thus, we investigated the impact of Zol on CD9 expression on DCs surface. Our data showed a decrease in the percent population double-positive cells for CD11C and CD9 ( Figure  6D ), and MFI of CD9 within DCs ( Figure 6E ), at 1, 5 and 10 µM (P = .0258, .0026, .0009, respectively). To test the effect of a decrease in CD9 expression on maturation and antigen presentation of DCs, we knocked down CD9 expression using siRNA. Transfection was confirmed with fluorescently labeled siRNA ( Figure S5E) , with a knock-down of CD9 by more than 90% shown by qPCR ( Figure S5G ) and flow cytometry ( Figure S5F ). Knocking down the CD9 in DCs, led to a decrease in MHCII expression as shown by flow cytometry analysis in both immature ( Figure 6F ) and mature DCs ( Figure 6G ) with statistical significance in mature DCs (P = .0142; Figure 6H ). These results suggest that impaired MHCII expression and defective antigen presentation by Zol involves disruption of CD9 expression.
| DISCUSSION
The main therapeutic mechanism of anti-resorptive medications is osteoclast inhibition. 1,2 Such mechanism, and others confirmed in the literature, 27 are all systemic and could not explain why alveolar bone is uniquely susceptible to osteonecrosis associated with anti-resorptive medications. In our studies, we focused on Zol, since it is associated with the highest incidence of osteonecrosis, which remains high long after treatment has stopped. Zol is known to have the highest affinity to the bone matrix, where it accumulates for years. 1 We previously showed that matrix-bound Zol molecules play an important role in making the alveolar bone susceptible to osteonecrosis. 23 However, the question remained as to why other bone sites that have similarly high levels of matrix-bound Zol, such as the proximal end of the tibia, are not comparably vulnerable. Our studies showed that even with significant trauma to the proximal tibia in Zol-treated animals, osteonecrosis could not be induced there (data not shown). Other factors unique to the oral micro-environment must, therefore, be investigated. Previous studies reported deficient innate immune response, as well as colonization of unique oral bacterial communities, in patients afflicted with BP-related osteonecrosis of the jaw. 17, 18 Dendritic cells, the most efficient antigen-presenting cells, and the link between innate and adaptive immunity, have emerged as key players in initiating and regulating adaptive immune responses in the oral cavity. 13, 14 They play a major role in the oral mucosal barrier immunity in the oral cavity and the gut mucosa, 28 preserving the balance between immune surveillance against pathogens and at the same time maintaining tolerance toward commensals, hence their major role in oral diseases, such periodontitis. 14, 29 On the contrary, DCs are not thought to play a role in normal bone remodeling in appendicular skeleton. 30, 31 Disruption of DCs functions in the oral cavity may, therefore, be a localizing factor that makes the jawbones more susceptible to osteonecrosis than long bones, especially within a background of invasive dental trauma and/or chronic periodontitis. Such "localized" immune-suppression, added to the already high bacterial load in the oral cavity, high levels of matrix-bound BPs in alveolar bone, 32 dental trauma, and osteoclast inhibition, may provide a clue as to why MRONJ is exclusive to the jawbone. We hypothesized that Zol causes disruption of the local immune response in the oral cavity through the inhibition of DC differentiation and function, rendering the microenvironment more conducive to bacterial colonization and subsequent osteonecrosis.
Our in vivo results showed that Zol impaired DC infiltration in the gingival lamina propria, as well as the draining lymph nodes, following dental extraction. Zol-treated animals had impaired bacterial clearance in the oral cavity. DCs, which can be exposed to Zol through the crevicular fluid, or possibly following the release of matrix-bound molecules after dental extraction, were shown to internalize these molecules.
Results in DC-deficient mice confirmed that DC deficiency could contribute to osteonecrosis following dental extraction. Tissue-resident DCs have been previously shown to have an important role in alveolar bone loss, demonstrated in the Langerhans-ablated mice model (Langerin -DTR). 33 We used a classical dendritic cell (cDCs) ablation mouse model, in which a DTR transgene is inserted into the 3' untranslated region of the Zbtb46 (ZDC) gene (ZDC-DTR). Zbtb46 gene expression was shown to be limited to cDCs and distinct activated monocytes and is not expressed by pDCs, macrophages or other immune cells. 34 To minimize the off-target effect on other erythroid progenitor cells, 34 we previously optimized the dose of DT to produce a non-lethal sustainable deletion of cDCs without neutropenia and neutrophilia. 20 It is important to mention that DCs have been identified as an important osteo-immune player through their role in inflammation-induced bone loss. 30 DCs have been shown to localize in inflammatory synovial and periodontal tissues, where they form aggregations with activated T cells in lymphoid foci. 14, 29, 30, 35, 36 They seemed to play an indirect role in inflammation-induced bone loss through the activation of T cells. 30, 36 A direct role has also been suggested in the literature, through the potential ability of some DC subsets to directly develop into osteoclasts. 29 Although osteoimunology research has focused mainly on the role of DC in inflammation-induced bone loss, little is known about their role in alveolar bone healing and repair. Our results suggested that DCs play an important role in post-extraction homeostasis in alveolar bone and that Zol treatment disrupts such role, resulting in increased bacterial load and impaired regeneration, thus rendering the alveolar bone susceptible to subsequent osteonecrosis.
Our in vitro results demonstrated that Zol impaired the differentiation of DCs from murine bone marrow precursors as well as human peripheral blood monocytes. Bone-marrowderived DCs (BMDCs) and monocyte-derived DCs (moDCs) phenotypically resemble the inflammatory DCs that are recruited to the site of inflammation and are crucial for wound healing after dental trauma and infection, both considered top risk factors for osteonecrosis. 37 Zol also impaired the maturation of DCs when treatment was added from day 0 or 6, suggesting that Zol could affect both the de novo synthesis of DCs from its precursors and the tissue-resident DCs.
DCs are the most efficient antigen-presenting cells (APCs) that capture, process and present antigens to T cells. 38 Capturing antigens can either be through non-specific macropinocytosis, receptor-mediated endocytosis or phagocytosis of bacteria. 39 Our results showed that Zol treatment impaired phagocytosis by DC, which might explain the increased bacterial burden on the alveolar bone of Zol-treated rats. Previous studies have shown that increased bacterial load could contribute to the pathogenesis of osteonecrosis, through the accumulation of bacterial toxins and secretion of mediators of osteolysis, such as acids, porins, collagenases, proteases, and lipopolysaccharides (LPS). 17, 40 The buildup of metabolites from tissue damage and bacterial toxins could lead to further impairment of local blood supply and favors the growth of more bacteria.
Osteonecrosis of the jaw has been reported with other anti-resorptive medications, such as Denosumab, a human monoclonal antibody targeting receptor activator of nuclear factor kappa-B ligand (RANKL). The RANK/RANKL axis has been known for its pivotal role in bone homeostasis; however, recent evidence has shown its importance in immune homeostasis and T cell activation. 41 RANKL deficiency in animal models has emphasized its important role in immune cell activation and maturation. 42 Thus, immune suppression could be a common pathway for both classes of drugs in the induction of osteonecrosis.
The importance of immune modulation in MRONJ pathogenesis has been debated in the literature. Some studies suggested that BP treatment caused immune suppression, due to decreased availability and/or function of immune cells, leading to impaired wound healing and persistence of infection. 43 Other studies suggested that BP treatment caused dysregulation of inflammatory cytokines, leading to hyper inflammation. 44 It has been reported that Zol treatment induces the activation of gamma-delta (γδ) T cells. 45, 46 However, other studies showed significant depletion of Vγ9Vδ2 T cells in patients with osteoporosis receiving BP treatment, with no underlying malignancy. 47 The results of the current study were concordant with previous findings on DCs and other immune cells of the same lineage. [48] [49] [50] We concluded that DCs play an important role in maintaining the integrity of oral mucosa and alveolar bone and that Zol treatment disrupts such role, resulting in increased bacterial load and impaired post-extraction regeneration, rendering the alveolar bone susceptible to subsequent osteonecrosis.
